10. Npc1 cDNA from BALB/cStCrlfC3HfNctr ϩ npc / ϩ npc , BALB/cStCrlfC3HfNctr npc nih /npc nih , and C57BLKS/J spm/spm strains was isolated with primers mnpc1-3ЈARev (5Ј-GAGAACAAGCTCTA-ATGAG-3Ј) and mp25-2R for reverse transcription of liver RNA and primer pairs mp25-1F/mnpc1-3ЈBREV (5Ј-GCCTACAACAT TCTGAAGTCC-3Ј) and mp25-JF/mp25-3ASNB for PCR amplification in two segments. Three clones were analyzed for each strain by complete coverage sequencing. Dawidowicz, Trends Cell Biol. 4, 365 (1994). 15. The putative ORF begins at the first methionine of the longest ORF in the cDNA sequence. PSORT was used to predict signal peptide sequence {D. J. McGeogh, Virus Res. 3, 271 (1985), modified by K. Nakai and M. Kanehisa [Proteins Struct. Funct. Genet. 11, 95 (1991) 
] D18MIT64, D18MIT110, and D18MIT146 [http://www-genome.wi.mit.edu] to establish flanking markers D18MIT64 and D18MIT146. For the remaining 816 meioses, only animals recombinant between flanking loci were genotyped with remaining loci and test-crossed to determine carrier status. Recombinant mice were from F 1 -intercrosses, backcrosses to npc nih /ϩ nih carrier mice, and crosses with nonrecombinant F 2 -carriers. 26 . Npc1 expression was detected by hybridization of a 1.7-kb PCR amplification product generated with primers 5ЈJF (5Ј-CTGTGTCCGAAATCCCACCTGC-3Ј) and 3ЈASNB (5Ј-GT TAAATATCTGCTGCAC-CAGG-3Ј), representing nucleotides 1161 to 2901.
AA002656 expression was detected with the excised 1-kb clone insert. 27. K. P. Dudov and R. P. Perry, Cell 37, 457 (1984) . 28 . PCR primers mp25-8F (GGTGCTGGACAGCCAAG-TA) and mp25-INTR3 (5Ј-GATGGTCTGT TCTCCC-ATG-3Ј) flanking the insertion event were used to amplify the W T and mutant allele in Fig. 3D Novel lignin is formed in a mutant loblolly pine (Pinus taeda L.) severely depleted in cinnamyl alcohol dehydrogenase (E.C. 1.1.1.195), which converts coniferaldehyde to coniferyl alcohol, the primary lignin precursor in pines. Dihydroconiferyl alcohol, a monomer not normally associated with the lignin biosynthetic pathway, is the major component of the mutant's lignin, accounting for ϳ30 percent (versus ϳ3 percent in normal pine) of the units. The level of aldehydes, including new 2-methoxybenzaldehydes, is also increased. The mutant pines grew normally indicating that, even within a species, extensive variations in lignin composition need not disrupt the essential functions of lignin.
Lignins are complex phenolic plant polymers essential for mechanical support, defense, and water transport in vascular terrestrial plants (1, 2) . They are usually derived from three hydroxycinnamyl alcohol precursors 2a through c in varying proportions (Fig. 1) . In gymnosperms-for example, pine and other conifers-lignin is polymerized from only two of the three monomers, p-coumaryl alcohol 2a and coniferyl alcohol 2b, with coniferyl alcohol being predominant (ϳ90%). p-Coumaryl alcoholderived subunit levels are increased in compression wood, which forms during mechanical or gravitational stress and in wood knots (3) . In woody angiosperms, lignin is derived from coniferyl alcohol 2b and sinapyl alcohol 2c in roughly equal proportions. Precursors and derivatives of hydroxycinnamyl alcohols also contribute to the lignin structure. For example, acetylated monolignols (hydroxycinnamyl acetates) have been implicated in kenaf (Hibiscus cannabinus) (4) and woody angiosperms (5), and p-coumarate esters are found in all grass lignins, implicating hydroxycinnamyl p-coumarates as precursors (6, 7) . Low levels (ϳ5%) of cinnamaldehydes and benzaldehydes are present in all isolated lignins and are responsible for the bright crimson staining of lignified tissues by phloroglucinol-HCl (8) .
Removal of lignin from wood and plant fibers is the basis of chemical pulping to produce diverse pulp and paper products. Genetic engineering of the lignin biosynthetic pathway to lower lignin concentration or construct lignins more amenable to extraction is an active area of current research (9) . However, several mutations have been identified and characterized that affect the lignin biosynthetic pathway (10) . In maize (Zea mays) and related grasses, mutants characterized by a brown midrib (bm or bmr) have modified lignin (11) . The bm phenotype can result from changes affecting cinnamyl alcohol dehydrogenase (CAD) (for example, bm1 of maize) (12, 13) , O-methyl transferase (OMT) (for example, bm3 of maize) (12, 13) , or both CAD and OMT (for example, bmr6 of sorghum, Sorghum bicolor) (14) . Mutations in two other maize genes also result in brown midrib phenotypes, but the products of these genes remain unknown. A mutation in the gene encoding ferulate-5-hydroxylase has been identified in Arabidopsis thaliana, but it does not result in a brown midrib phenotype (15) . No lignin mutants have been previously identified in woody plants.
CAD catalyzes the last step of the lignin precursor biosynthetic pathway (Fig. 1) , reduction of hydroxycinnamaldehydes 1 to hydroxycinnamyl alcohols 2 (the conventional lignin monomers or monolignols) (16) . A reduction in CAD activity might lead to accumulation of hydroxycinnamaldehydes 1 that could copolymerize with normal lignin monomers. Transgenic plants, suppressed in the synthesis of CAD (9, 17) , sometimes have red-brown xylem tissue resembling that of grass brown midrib mutants. Such plants have increased aldehyde levels, although little of the aldehyde may actually be incorporated into the lignin (9, 17) . The molecular basis for the color has not been established, but higher order polymers of coniferaldehyde 1b, synthesized in vitro, have a wine-red color (18) .
Here we report that a viable loblolly pine, homozygous for the mutant cad-n1 allele (19) , incorporates novel monomers into its lignin in response to a CAD deficiency. The lignin structural changes were extensive and not predicted by the current view of the lignin biosynthetic pathway. The wood of this mutant is brown-red ( Fig.  2) , similar to the color of the xylem in brown midrib mutants (11) and transgenic plants suppressed in lignin biosynthetic enzyme activity (9, 17) . The cad-n1 allele is inherited as a Mendelian recessive gene that maps to the same genomic region as the cad locus. The cad-n1 allele was identified in a well-characterized heterozygous loblolly pine genotype (clone 7-56). In homozygous cad-n1 plants, CAD activity is 1% or less of wild type, and relative abundance of cad mRNA transcript is greatly decreased. In mutant plants, free coniferaldehyde 1b (the CAD substrate) accumulates to a high level. Unlike transgenic plants suppressed in CAD, cad-n1 mutant seedlings have decreased lignin content (19) .
Milled wood lignins (20) were isolated for nuclear magnetic resonance (NMR) analysis from the wood of a 12-year-old CAD-deficient mutant and a normal sibling from the same cross (Fig. 2 ). An estimate of the subunit composition of this unusual lignin fraction, on the basis of quantitative NMR and other analytical data, is given in Table 1 .
NMR spectra show that both coniferaldehyde 7 and vanillin 5 (21) end groups are present in the lignin of the pine mutant, as may be expected from the suppression of CAD. Wood from the mutant also had a higher extractable aldehydes content (19) . The HMQC-TOCSY (heteronuclear multiple-quantum coherence-total correlation spectroscopy) spectrum reveals the sidechain coupling network in which protons 7, 8, and 9 correlate with the aldehyde carbonyl carbon, C-9 in 7 and the simple 1-bond correlation between C-7 and H-7 in 5 ( Fig. 3) . However, such components are also present in milled wood lignins from normal loblolly pine (Fig. 3) . From quantitative NMR, these aldehydes each account for ϳ15% of mutant lignin units and ϳ7% in the normal pine lignin (Table 1 ). More striking are 2-methoxybenzaldehyde components 6 (22), the peaks at ϳ188 parts per million (ppm), that are greatly enhanced in the mutant (Fig. 3 ). The source of these previously unreported 2-methoxybenzaldehydes in lignins is unknown. Lignins from both the normal and mutant trees contained higher than normal concentrations of p-coumaryl alcohol units because of the preponderance of knots.
Dihydroconiferyl alcohol units 8 are present and predominant. The HMQC-TOCSY experiment (23) (Fig. 4) identified the coupling network for the aryl propanol side chain (red and orange contours) that is consistent with model compound data (24). Products 8a,b (red) representing heterocoupling of dihydroconiferyl alcohol with a conventional lignin monomer or oligomer as well as dibenzodioxocins 8c (orange) from initial 5-5-homo-coupling of dihydroconiferyl alcohol monomers are present in roughly equal amounts, reinforcing the claim that dihydroconiferyl alcohol is a major monomer during lignification.
Dihydroconiferyl alcohol products are seen in synthetic lignins that are prepared from impure monomers. The best syntheses of hydroxycinnamyl alcohols 2 (25) from Fig. 1 . Some precursors and products in the lignin biosynthetic pathway. The normal lignin monomers are the p-hydroxycinnamyl alcohols 2; pcoumaryl alcohol 2a, coniferyl alcohol 2b, and sinapyl alcohol 2c. Coniferaldehyde 1b is normally reduced regioselectively to produce coniferyl alcohol 2b. When CAD activity is depressed, coniferaldehyde 2b accumulates and could polymerize or copolymerize into lignin. Dihydroconiferyl alcohol 4b, observed previously only as a minor component of softwood lignins, is presumed to derive from coniferaldehyde 1b via a 1,4-reduction followed by a 1,2-reduction. However, no mechanism for this conversion has been reported. pCoumaryl alcohol 2a is readily derived from its aldehyde 1a in the mutant, implying that different CAD enzymes are involved for 1a32a versus 1b32b. SCIENCE ⅐ VOL. 277 ⅐ 11 JULY 1997 ⅐ www.sciencemag.org hydroxycinnamate esters or hydroxycinnamaldehydes 1 still produce small amounts of 1,4-reduction products 4. Purification of coniferyl alcohol is difficult because dihydroconiferyl alcohol cocrystalizes with it. A synthetic lignin prepared (26) from coniferyl alcohol 2b containing a few percent dihydroconiferyl alcohol 4b provides a convenient model for the lignin in the pine mutant. Its HMQC-TOCSY spectrum (Fig.  4C) shows the same dihydroconiferyl alcohol side-chain signals as in the pine lignins. A parallel between the lignins isolated from the mutant tree and hydride reduction product synthetic lignins is apparent. A small amount of the initial dihydroconiferyl alcohol homo-coupling product 8c (orange) is seen in the spectrum of the synthetic lignin (Fig. 4C) -the saturated compound is quickly and efficiently dimerized via radical processes. Normal softwood lignins contain small amounts of dihydroconiferyl alcohol units (Fig. 4B) . The source of these subunits is unknown. Although dihydroconiferyl alcohol and its glucoside have been detected in young plant tissues including pine (27) and may function as growth factors (28), they are not considered part of the normal lignin biosynthetic pathway.
CAD normally effects a regioselective "1,2-reduction" (at C-9) of coniferaldehyde 1b to produce coniferyl alcohol 2b. Our results suggest that the loss of CAD activity activates or up-regulates pathways on the basis of "1-4 reduction" (at C-7) and subsequent 1,2-reduction during lignin formation to produce the dihydroconiferyl alcohol monomer 4b (Fig. 1) . Analogously, synthetic preparation of coniferyl alcohol versus dihydroconiferyl alcohol can be selected by hydride reactions with 1,2-versus 1,4-regiochemistry ( Fig. 1) (25) . An alternative possibility is that a small structural change in the enzyme (for example, a disulfide bridge) affecting the active site of the CAD enzyme might be enough to provide the "hydride" equivalent to the 7-carbon site. This possibility is unlikely, and an alternative enzymatic activity is probably required because the relative abundance of steadystate cad mRNA transcripts is greatly decreased in the mutant, and the amount of CAD enzyme activity is reduced to Յ1% of wild type (19) . If the biochemical reduc- (26) . Structure assignments are most easily seen in spectrum (C) from the synthetic lignin that derived from coniferyl alcohol 2b containing ϳ2% dihydroconiferyl alcohol 4b (26) . Although synthetic lignins of this type have quite different substructure ratios from plant lignins, they contain all of the structural units and are valuable for spectral assignment. Thus, in (C), ␤-aryl ether units 10, ␣,␤-diaryl ethers 11 (scarce in plant lignins), phenylcoumarans 12, and resinols 13 are readily identified, along with coniferyl alcohol end groups 9 and the dihydroconiferyl alcohol units 8 (and the aldehyde units 5 and 7 in Fig. 3 ). Redand orange-colored contours show the unambiguously identified components 8 arising from dihydroconiferyl alcohol monomers 4. NMR provides a convenient distinction between products of hetero-coupling of 4 with conventional lignin monomers or oligomers to give 8a,b (red) and those from initial 5-5-homo-coupling of dihydroconiferyl alcohol monomers to give 8c (orange). Both are equally represented in the cad-n1 mutant, whereas the normal pine has only the higher field component, and the synthetic lignin has a trace of the lower field component. NMR data from crosscoupled dimeric models for 4-O-␤ structures 8a and 5-␤/4-O-␣ (phenylcoumaran) structures 8b and the dibenzodioxocin 8c coincide with the lignin data observed here (24). In the CAD mutant, dihydroconiferyl units are dominant, displacing much of the intensity from the normal coniferyl alcohol-derived region. Some of the minor units can be seen in the pine samples when looking at lower contour levels (not shown). The normally predominant ␤-aryl ether (blue) and phenylcoumaran (green) components (B) are severely reduced in the cad-n1 mutant, with only some ␤-ether peaks being observable at comparable contour levels-these may also arise from p-coumaryl alcohol (in addition to coniferyl alcohol). Gray contours are from intense methoxyl signals, carbohydrate impurities, and other lignin structures not discussed in this paper.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 277 ⅐ 11 JULY 1997 tion is not totally regioselective, the small amounts of 4b producing the dihydroconiferyl units 8 seen in normal pine lignins could be explained, but this rationale would not allow production of 4b in such major proportions without a significant shift in enzyme activity or without enhanced activity of an alternate enzyme. At least one new enzyme would be required to explain these results. It is also possible that coniferaldehyde is not the precursor to dihydroconiferyl alcohol, and that its synthesis is up-regulated from other sources in the plant.
The amount of subunits derived from p-coumaryl alcohol 2a in the mutant is unchanged (Table 1) , whereas the amount of coniferyl alcohol subunits 2b is greatly reduced (29) . These results imply that the formation of p-coumaryl alcohol 2a uses an independent mechanism such as an additional enzyme with "1,2-reductase activity" specific for p-hydroxycinnamaldehyde 1a. Furthermore, few dihydro-p-coumaryl alcohol 4a units were detected (29) . The 1,4-reductase activity proposed for the formation of dihydroconiferyl alcohol is therefore equally specific for coniferaldehyde 1b.
Incorporation of novel monomers into lignin is inconsistent with the high level of enzymatic specificity recently extended to lignin formation from observations of specificity in lignin biosynthesis (30) . Independence from rigid enzymatic control is further supported by other examples of incorporation of nontraditional monomers into lignins: (i) ferulates and diferulates actively incorporate into lignins of grasses, effecting significant lignin-polysaccharide cross-linking (31); (ii) acylated monomers are implicated in a variety of species (4-7); (iii) 5-hydroxyconiferyl alcohol 2d-derived subunits are readily assimilated into a lignin polymer in OMT-deficient plants that have a reduced ability to produce sinapyl alcohol (32) .
Well-characterized differences in lignin subunit composition have long been known between major taxonomic groups of higher plants-for example, between lignins of hardwood and softwood trees (33) . However, the narrow range of variation in lignin compositions within groups (10) has suggested structural constraints imposed for vascular function and support. The ability of this pine mutant to produce a functional lignin polymer from unexpected subunits extends the limit of "metabolic plasticity" for the formation of lignin, within an individual species. Concepts of lignin function based on the previous range of lignin compositions must now be reexamined in view of the unusual structure and composition of lignin in this mutant pine. A greater understanding of these processes should increase our opportunities to modify lignin content or composition through genetic engineering. of the lignin in normal pine and 17% in the cad-n1 mutant; Klason lignin contents were 93% by weight for each, total carbohydrates were ϳ2% each, and total uronosyls were 2 to 5%. 21. Vanillin is produced from coniferaldehyde by an aldol reaction that can occur at neutral pH (2). 
Coding the Locations of Objects in the Dark
Michael S. A. Graziano,* Xin Tian Hu, Charles G. Gross
The ventral premotor cortex in primates is thought to be involved in sensory-motor integration. Many of its neurons respond to visual stimuli in the space near the arms or face. In this study on the ventral premotor cortex of monkeys, an object was presented within the visual receptive fields of individual neurons, then the lights were turned off and the object was silently removed. A subset of the neurons continued to respond in the dark as if the object were still present and visible. Such cells exhibit "object permanence," encoding the presence of an object that is no longer visible. These cells may underlie the ability to reach toward or avoid objects that are no longer directly visible.
A scientist sitting in her office reaches for a book on the shelf. She knows where the book is located and does not need to look in order to guide her hand. Later, while driving home, she adjusts the car radio while her eyes are fixed on the road. That night, in darkness, she reaches toward a box of tissues on the bedside table. How does the brain keep track of the locations of objects that are no longer in sight, and how does it guide movements toward or away from those objects? Piaget (1) was the first to emphasize the importance of object permanence, that is, the knowledge that an object is still present even though it is no longer visible. More recently, researchers have emphasized the more specific problem of how movements toward these unseen objects are guided (2). Here we describe visually responsive neurons in the ventral premotor cortex (PMv) of the monkey brain that appear to solve the problem of object permanence. These neurons keep track of the locations of objects near the monkey's body, even after the lights are turned off and the monkey is in darkness. PMv, the area of cortex just posterior to the lower limb of the arcuate sulcus, is thought to be involved in the sensory guidance of movement (3) . Its neurons respond to tactile and visual stimuli and also during movements of the head and the arms (4). About 40% of the neurons in PMv have both a tactile and a visual receptive field (RF). For these bimodal cells, the visual RF extends from the approximate region of the tactile RF into the immediately adjacent space (Fig. 1) . For most cells with a tactile RF on the arm, when the arm moves, the visual RF moves with it, and for most cells with a tactile RF on the face, when the head is rotated, the visual RF moves with it (5). In contrast, when the eyes move, the visual RFs do not move but remain anchored to the body surface (5, 6) . These visual RFs, therefore, encode the locations of nearby stimuli relative to different parts of the body. One suggestion is that the bimodal neurons help to guide movements of the head and arms toward or away from nearby stimuli (7) .
We tested whether the bimodal neurons in PMv encode the locations of nearby stimuli that are no longer visible. Responses of single neurons in PMv were studied in two tame male Macaca fascicularis (4.6 and 5.0 kg). For details of the experimental procedures, see (5) . Daily recording sessions were conducted on each monkey while the animal was seated in a primate chair with the head fixed. A hydraulic microdrive was used to lower an electrode into PMv. Once a neuron was isolated, it was tested for somatosensory and visual responsiveness. Somatosensory RFs were plotted by manipulating the joints and stroking the skin, and visual RFs were plotted with objects presented on a wand. In addition, we made the unexpected observation that neurons with a tactile RF extending onto the back of the head often responded to auditory stimuli; therefore, we also routinely tested for auditory responsiveness.
Of 153 isolated single neurons, 6 (4%) responded only to visual stimuli, 34 (22%) responded only to somatosensory stimuli, 55 (36%) were bimodal, responding to visual and tactile stimuli, and 11 (7%) were triDepartment of Psychology, Princeton University, Princeton, NJ 08544, USA. *To whom correspondence should be addressed. E-mail: graziano@princeton.edu 
